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Intracellular electrolyte composition following renal ischemia. The
technique of electron microprobe analysis was used to determine the
intracellular electrolyte concentrations in proximal or distal tubular
cells of the rat kidney during ischemia. When the exposed kidney was
maintained in air during ischemia, the composition of the surface cells
differed little from control, and the electrolyte disturbances were
confined to the deeper lying cells. When maintained in nitrogen, all cells
underwent changes in cellular electrolyte concentrations that were
uniform, indicating that the surface cells can preserve their composition
during ischemia by utilizing oxygen from the air. In the proximal tubular
cells, after 20 or 60 mm of ischemia in nitrogen, sodium increased from
20 to 93 or 112, chloride rose from 21 to 53 or66, potassium fell from 141
to 65 or 42, phosphate decreased from 145 to 110 or 95 mmoleskg' of
wet wt, and the dry wt dropped from 22.6 to 20.3 or 17.5% of wet wt,
respectively. In the distal tubular cells, 20 mm of ischemia in nitrogen
produced little effect on cellular comnsition, but after 60 mm, sod-
ium increased from 11 to 77, chloride rose from 15 to 48, potassium
fell from 134 to 89, phosphate decreased from 168 to 145 mmoleskg'
of wet wt, and the dry wt dropped from 20.8 to 18.4% of wet wt. The
disturbances in sodium and potassium are caused primarily by an
inhibition of the sodiumlpotassium pump, whereas the changes in
chloride, phosphate, and dry weight content result mainly from an
influx of extracellular fluid. When blood flow was reintroducing, the
electrolyte disturbances were rapidly reversed in all cells, restoration
being virtually complete within 60 mm, but returned in some proximal
cells by 18 hr of reperfusion. Thus, the disturbance in electrolyte
composition increases with the duration of ischemia, is less pronounced
in the distal than proximal cells and, although initially completely
reversible when blood flow is restored, reappears in the proximal cells 1
day after the initial injury.
Composition electrolytique intracellulaire après ischémie rénale. La
technique de l'analyse par Ia microsonde électronique a etC employee
pour determiner les concentrations electrolytiques intracellulaires des
cellules tubulaires proximales ou distales du rein de rat au cours de
l'ischCmie. Quand Ic rein a etC maintenu dans l'air au cours de
l'ischémie, Ia composition des cellules superficielles était peu différente
de celle des contrôles et les désordres electrolytiques étaient confines
aux cellules des couches peu profondes. Quand le rein a etC maintenu
dans l'azote, des modifications uniformes des concentrations Clectroly-
tiques cellulaires ont éte obtenues dans toutes les cellules, ce qui
indique que les cellules superficielles peuvent preserver leur composi-
tion au cours de l'ischCmie en utilisant l'oxygene de l'air. Dans les
cellules tubulaires proximales, apres 20 a 60 mm d'ischémie dans
l'azote, Ic sodium a augmentC de 20 a 93 ou 112, le chiore a augmente
dans l'azote, Ic sodium a augmente de 20 a 93 ou 112, le chlore a
augmente de 21 a 53 ou 66, Ic potassium a diminué de 141 a 65 ou 42
mmoles, Ic phosphore a diminué de 145 a 110 ou 95 mmoleskg de
poids humide, et Ic poids sec a diminuC de 22,6 a 20,3 ou 17,5% de poids
humide, respectivement. Dans les cellules tubulaires distales, 20 mm
d'ischCmie dans l'azote onE produit peu d'effet sur Ia composition
cellulaire, mais aprCs 60 mm le sodium a augmentC de 11 a 77, Ic chiore
de 15 a 48, Ic potassium a diminuC de 134 a 89, Ic phosphore a diminué
de 168 a 145 mmoleskg de poids humide et Ic poids sec a dimmnue de
20,8 a 18,4% de poids humide. Les modifications de sodium et K sont
déterminCes primitivement par une inhibition de Ia pompe sodium/
potassium alors que les modifications de chlore, phosphore, et du poids
sec sont surtout Ia consequence d'un influx de liquide extracellulaire.
Au rCtablissement du debit sanguin, les désordres Clectrolytiques sont
effaces dans toutes les cellules, Ic rCtablissement étant pratiquement
complet en 60 mm, mais reapparaissent aprCs 18 heures de reperfusion.
Ainsi Ic désordre de Ia composition Clectrolytique augmente avec Ia
durée de l'ischCmie, est moms important dans les cellules distales que
dans les proximales et quoiqu'initialement complètement reversible au
rCtablissement du debit sanguin, réapparait dans les cellules proximales
un jour apres Ia lesion.
A severe reduction in renal blood flow, as occurs during
circulatory shock or prior to transplant surgery, is a frequent
cause of acute renal failure in man. A commonly used method
to induce this situation experimentally is the temporary inter-
ruption of blood flow to the kidney, by occluding the renal
artery. When blood flow is restored, an impairment in renal
function persists, which is characterized not only by a decrease
in inulin clearance but also by a deficiency in fluid reabsorption
and a limited ability to either concentrate or dilute the urine [1,
2]. During renal ischemia, when the supply of oxygen and
metabolic substrates is curtailed, there is a depletion of adeno-
sine triphosphate (ATP) [3—8], so that those cellular processes
requiring metabolic energy, such as synthesis and active trans-
port, no longer continue. For the tubular epithelium of the
kidney, this restriction in active transport entails a reduction in
transepithelial ion and water transport, as well as a perturbation
in the electrolyte composition and volume of the cell [9].
Although considerable emphasis has been placed on the
morphologic and functional changes that occur in the kidney
following ischemia, little effort has been expended to determine
the extent of the alterations in cellular electrolytes. Examina-
tion of renal tissue [10] using conventional chemical analysis
has confirmed unequivocally that the tissue sodium and chlo-
ride contents rise and the potassium content and dry weight
fraction fall during the ischemia. Little information, however, is
available regarding the concentration changes within the cells of
the ischemic kidney, because of the difficulty in assessing the
fraction of the total electrolytes contained within the extracellu-
lar space.
The recent extension of electron microprobe analysis to
include biological tissue has enabled the concentrations of
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Fig. 1. Procedure for producing ischemia in an atmosphere of nitrogen. The center panel shows the kidney dish inserted into a plastic sleeve, a
smaller and a larger tissue pad for soaking with nitrogen-equilibrated saline or nitrogen-equilibrated oil, one clamp for the renal artery and two
clamps for closing the plastic sleeve. The right panel shows the kidney in the dish, just prior to clamping the renal artery and excluding the air. The
left panel shows the ischemic kidney, protected from dessication by a layer of saline-soaked and a layer of oil-soaked tissue, in an atmosphere of ni-
trogen. The plastic sleeve has been pulled under and over the kidney dish, nitrogen is streamed through one end, and the other end is loosely closed
around the renal pedicle with two clips immediately after the renal artery has been occluded.
electrolytes within the cell to be measured directly. The proce-
dures of shock-freezing, cryosectioning, and subsequent freeze-
drying allow the in vivo distribution of the elements to be
preserved, and the application of an albumin-Ringer's solution
to the tissue just before freezing supplies an internal standard
for quantification [11]. Because the tissue can be visualized
during analysis, the method provides the opportunity of deter-
mining the electrolyte concentrations in single, defined cells, so
that the variations within one cell population and between
different cell types can be established.
In the present study, the technique of electron microprobe
analysis was applied to the outer regions of the rat renal cortex
under control or ischemic conditions to clarify four points: first,
the influence of the ambient air on the surface-most cells of the
kidney during ischemia; second, the effect of varying the
duration of the ischemia on the intracellular electrolyte compo-
sition; third, whether there is any difference between the
response of the proximal and more distal tubular cells to
ischemia; and last, the effect of restoring the blood flow to the
kidney on the intracellular composition. In this manner, we
intended to obtain additional information about the time course,
severity, and reversibility of the cellular electrolyte distur-
bances that follow renal ischemia.
Methods
Preparation of the animals and determination of renal func-
tion. Male Sprague-Dawley rats, which had been maintained on
a standard diet (Altromin) and tap water, were anesthetized
with mactin (Promonta), 100 to 110 mg/kg of body wt1, i.p.
Catheters were placed in the trachea, right jugular vein, and
right femoral artery. The animals received a constant infusion
of isotonic saline, 0.35 to 0.50 mlhr'l00 g of body wt, via
the jugular catheter. Blood pressure was monitored continuous-
ly through the femoral arterial catheter, which also served for
the collection of arterial blood. Body temperature was deter-
mined rectally and maintained at 37 to 38° C by means of a
warming-plate built into the operation table. The left kidney
was exposed through a subcostal, flank incision, and, after
separation of the renal artery from the vein, was placed into a
plastic (Lucite°') dish, where the dorsal surface was freed of
any adhering blood or connective tissue.
In those animals in which renal function was to be deter-
mined, 3H-inulin, I Ciml , dissolved in isotonic saline was
given first as a priming dose of 0.5 ml and then as a constant
infusion at the above rate. A ureteral catheter was advanced
into renal pelvis, urine was collected for 30-mm intervals, and a
blood sample was taken at the midpoint of the collection period.
The activity of tritium was determined by counting 20 i.1 of
urine or plasma, suspended in Aquasol scintillant (New En-
gland Nuclear), for 20 mm in a well-type scintillation counter
(Beckman).
Experimental renal ischemia. Renal ischemia was induced by
occluding the renal artery with a weak-sprung clip, and the
kidney was maintained either in an atmosphere of air (air-
ischemia) or in one of nitrogen (nitrogen-ischemia). During air-
ischemia, the kidney was kept moistened with cotton wool pads
soaked in air-equilibrated saline or mineral oil. For nitrogen-
ischemia, the kidney was isolated in a plastic bag through which
nitrogen gas was constantly streamed, as illustrated in Fig. 1,
and kept moist with saline and oil, which had been rendered air-
free by boiling and equilibrating with nitrogen. The time that
elapsed between clamping the renal artery and inflating the bag
with nitrogen to exclude the ambient air was under 55 see, the
average time being 33 2 sec (N = 33).
The kidneys were rendered ischemic for 20, 60, or 90 mm and
were removed for analysis either without restoration of blood
flow or following 2, 20, or 60 mm or 18 hr of reperfusion with
blood. The latter group of animals was anesthetized with
pentobarbital sodium (Nembutal®, Abbott), 50 mgkg of body
wt , to induce 60 mm of ischemia in an atmosphere of nitrogen,
and the animals were reanesthetized with mactin subsequently
to prepare the kidney for removal. The kidneys were then
processed for X-ray microanalysis.
Preparation of the tissue and performance of X-ray micro-
analysis. At the appointed time, the dorsal surface of the kidney
was freed of its covering material and gently blotted dry. The
kidney surface was first rinsed and blotted several times with a
standard albumin-Ringer's solution before applying a thin layer
between 10- and 20-p.m thick, to serve as an internal standard
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Table 1. Intracellular sodium chloride, potassium, and phosphorus concentrations and dry weight contents for the proximal or distal tubules
from normal kidneys or after ischemia in nitrogen°
Proximal tubules Distal tubules
Na
Time after
reflow
Cl K P
Dry wt
% of wet WI
Na Cl K P
Dry wt
% of wet WImmoleskg wet wi mmoleskg' wet WI
Normal kidneys(N = 4)
20 1 21 1 141 2 145 2 22.6 0.3 (104) 11 1 15 1 136 4 168 3 20.8 0.4 (49)
20-mm N2-ischemia
0 mm (N = 3) 93 4" 53 3') 65 4" 110 5b 20.3 0.5" (50) 18 2b 29 4b 146 6b 165 8 21.1 1.0 (15)
2 mm (N = 3) 35 2" 27 1" 127 3b 135 3" 22.6 0.5 (94) 16 3 18 4 151 6" 168 5 20.9 0.6 (13)
60 min(N = 5) 20 1 24 1" 156 2" 136 2" 21.9 0.3 (96) 12 1 23 1" 162 4 177 5 21.5 0.5 (41)
60-mm N2-ischemia
0 mm (N = 3) 112 3b
2 mm (N = 4) 76 3b
66 2" 42 3"
46 2" 79 4"
95 3"
119 3"
17.5 0.4" (77)
19.9 0.4" (83)
77
31
6b
5b
48 8" 89 l7'
25 3' 132 8
145
160
15"
7
18.4 l.l"(14)
19.0 0.5') (26)
20 mm (N = 5) 27 2" 36 2" 138 3 139 4 21.7 0.4') (89) 9 I IS 2 151 4" 157 5b 21.5 0.5 (25)
60 mm (N = 4) 21 1 25 1b 160 2" 140 2 20.9 0.2" (106) 14 1 17 2 159 172 7 19.7 0.6 (27)
60-mm N2-ischemia
18h(a)(N = 4) 18 1 20 1 152 2b 131 2" 20.9 02')(lll) 10 2 14 2 141 3 141 4" 18.8 0.3"(30)
18 h(b)(N = 2) 69 9" 9 7" 80 II" 108 6" 20.4 0.6"(37) 1" 7 1 157 6 159 8 21.2 1.1 (5)
a Values are the means SEM. For each of the experimental conditions examined, the number of kidneys is indicated. The number of individual
determinations is given in the last column in parentheses.b p < 0.05 or less, significantly different from the corresponding control values of the normal kidneys.
for the quantification of the intracellular element concentra-
tions. Immediately afterwards, a previously positioned ligature
was tightened around the renal hilus, and the kidney was
removed and plunged into liquid propane, precooled to
— 186° C with liquid nitrogen. The time required to introduce
the kidney into the freezing medium after tying the ligature was
less than 5 sec and averaged 3.3 0.1 sec (N 46). For the
nonreperfused, nitrogen-ischemic kidneys, the period of con-
tact with the air before shock-freezing was kept to the minimum
required to dry the renal surface and to apply the standard
albumin solution used for quantification. This did not exceed 90
sec and averaged 52 5 sec (N = 6).
The frozen kidney was transferred into a shallow vessel
containing liquid nitrogen and fractured into small pieces with
the precooled blade of a scalpel. Superficial portions of the
renal cortex with adherent Ringer' s-albumin layer were mount-
ed in a specimen holder, placed in a cryomicrotome (Reichert)
at —90° C and cut into sections approximately l-m thick. The
cryosections were removed from the back of the steel knife,
sandwiched between two formovar films, and freeze-dried at
—80° C and 106 Ton overnight.
The analysis of the freeze-dried tissue sections was per-
formed in a scanning electron microscope (Cambridge) at an
acceleration voltage of 17 kV and a probe current of 0.5 nA,
with an energy dispersive detector (Link). A polaroid photo-
graph was taken of each section before measurement com-
menced, so that the measuring positions could be documented
for future reference. Determinations were made alternately in
the cells and in the standard albumin-Ringer's solution of each
section by scanning areas of approximately 1 pm2 for a period
of 100 sec. By comparing the characteristic radiation of the
elements obtained from the cells with that from the layer of
standard albumin-Ringer's solution, the intracellular concentra-
tion could be quantified as mmole'kg' of wet wt. The dry
weight of the cell was determined by comparing the background
radiation (Bremsstrahlung) of the cellular spectra with that
obtained in the standard Ringer's-albumin layer. Further details
of the measuring conditions and the quantification procedure
have been reported in detail elsewhere [111.
All cellular measurements were confined to the renal tubular
cells, which were differentiated as either "proximal" or "dis-
tal," according to the presence or absence of a brush border.
Further distinction between the various segments of the proxi-
mal tubule or between the distal, connecting, or cortical collect-
ing tubule was not attempted. The measurements of the compo-
sition of cellular elements presented were all obtained in the
nucleus. Reliable values of cytoplasmic concentrations are
difficult to obtain because of the variable contribution of
extracellular electrolytes, particularly towards the basal and
apical regions of the cell. It has been shown previously that the
nuclear concentrations of sodium, potassium, and chlorine are
virtually identical to those of the cytoplasm [121, and this was
found also to hold true under the present experimental condi-
tions.
Statistical evaluation of the experimental data. The photo-
graphs were examined critically, and sections showing any
signs of thawing or having been poorly frozen were rejected.
The individual data were pooled in each experimental group for
each of the measured parameters, and the mean SEM were
calculated. Differences between the means were tested for
statistical significance using Student's t test for unpaired data, if
the variance ratio proved this to be appropriate, otherwise the
Wilcoxon's test for unrelated samples. The mean values were
considered to be statistically significantly different from one
another when the two-tailed probability was 0.05 or less.
Results
The element concentrations within the cell
Normal kidneys, The concentration of elements in the proxi-
mal tubular cells was found to vary little both from one tubule
to another and from cell to cell, so that similar values were
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obtained from all portions of each section. The concentrations
of sodium and chlorine were approximately equal at 20 1 and
21 1, that of potassium was 141 2, of phosphorous was 145
2 mmoleskg of wet wt, and the dry content fraction was
22.6 0.3% of wet wt.
In the distal tubules, the pattern was similar to that of the
proximal tubules, but the concentrations of sodium and chlorine
were significantly lower at 11 1 and 15 1, potassium was the
same at 136 4, phosphorous was significantly higher at 168
3 mmoleskg of wet wt, and the dry wt content was signifi-
cantly lower at 20.8 0.4%. These values, which are similar to
those reported previously [12], are listed in Table 1.
During ischemia in air or nitrogen. In the proximal tubules,
following 60 or 90 mm of uninterrupted ischemia in air, the
concentrations of elements in the cells close to the surface of
the kidney were found to be very similar to those of normal
kidneys. With increasing depth from the surface, however, the
element concentrations were found to change progressively, so
that sodium and chlorine rose, potassium and phosphorous fell,
and the dry weight decreased. This variation in cellular compo-
sition during ischemia in air was not evident after 60 mm of
ischemia in nitrogen, and was not a feature of normal kidneys,
as illustrated in Fig. 2 by the relationship between the intracel-
lular sodium concentration and the depth of the measuring
position.
In the distal tubular cells, a similar dependence of the
intracellular element composition on the depth of the cell from
the surface was observed during air-ischemia but not during
nitrogen-ischemia. But, the degree of alteration in intracellular
electrolytes was much less pronounced than it was in the
proximal tubular cells, as discussed below.
The preservation of an essentially normal element composi-
tion in the surface cells during air-ischemia, but not during
nitrogen-ischemia, indicates that the effects of ischemic anoxia
on cellular element composition can only be investigated in the
deeper-lying cells or after the exclusion of air from the renal
surface.
During and after ischemia in nitrogen. Following 60 or 20 mm
of N2-ischemia without restoration of blood flow, the intracellu-
lar element concentrations in both the proximal and distal
tubular cells were found to be uniform at all depths from the
kidney surface, enabling the changes to be quantified with more
ease. For both periods of ischemia and each of the varying
times of reperfusion, the mean values of intracellular sodium,
chlorine, and potassium concentration, together with the dry
weight content, obtained from all measurements are listed in
Table 1 for both the proximal and distal tubular cells.
For the proximal tubular cells, after 60 mm of nitrogen-
ischemia without reperfusion, the concentrations of sodium and
chlorine had risen by 92 and 45, those of potassium and
phosphorous had fallen by 99 and 50 mmoleskg' of wet wt,
and the dry wt content was decreased by 5.1%. After 20 mm of
nitrogen-ischemia the pattern was similar but the degree of
perturbation somewhat less, sodium and chlorine had risen by
73 and 32, potassium and phosphorous had fallen by 76 and 35
mmoleskg of wet wt, and the dry wt was depressed by only
2.3%. Upon restoration of blood flow, there was a gradual and
uniform return of the cellular element composition towards
normal values—sodium and chlorine becoming progressively
lower with increasing reperfusion times, potassium and phos-
phorous rising, and the dry weight increasing—which was
complete within 60 mm of reestablishing perfusion. The homo-
geneous return of the intracellular element composition towards
normal on reperfusion with blood is illustrated in Fig. 3 by the
intracellular sodium concentration at varying depths from the
surface after 60 mm of nitrogen-ischemia and 0, 2, 20, or 60 mm
of reperfusion. After 60 mm of nitrogen-ischemia and a more
extensive period of reperfusion of 18 hours, the kidneys could
be divided into two types, those showing a normal electrolyte
composition and those in which cells with electrolyte distur-
bance were to be found side by side with cells displaying no
abnormalities. The constancy of the intracellular element com-
position in four of the six experiments and the sporadic inci-
dence of electrolyte disturbances in the remaining two experi-
ments are illustrated in Fig. 4 by the intracellular sodium
concentrations at the varying distances from the surface.
For the distal tubular cells, following 60 mm of nitrogen-
ischemia without reperfusion, the element composition of the
distal tubules was found to resemble that of the proximal
tubules but to be much milder in degree. The concentrations of
sodium and chlorine had risen by only 66 and 33, of potassium
and phosphorous had fallen by only 47 and 23 mmoleskg of
wet wt, and the dry wt was depressed by only 2.4%. Following
20 mm of nitrogen-ischemia without reflow, the disturbances in
distal tubular electrolytes were extremely modest, so that only
minor increases in the sodium and chlorine concentrations by 7
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Fig. 2. Values of intracellular sodium concentration in the proximal tubular cells plotted as a function of the distance of the celifrom the surface for
normal kidneys, ischemia in air for 60 or 90 mm, and ischemia in nitrogen for 60 mm.
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Fig. 4. Values of intracellular sodium concentration in the proximal
tubular cells, plotted as a function of the depth of the cell from the renal
surface for kidneys subjected to 60 mm of ischemia in nitrogen and 18
hours of reperfusion. On the left, the data obtained from four kidneys
with little disturbance in cellular composition, on the right, data
obtained from two kidneys with considerable perturbations.
and 14 mmoleskg of wet wt could be detected. Upon
restoration of blood flow, there was a rapid return of cellular
element composition to normal, which, after 60 mm of nitrogen-
ischemia, was complete within 20 mm of reestablishing perfu-
sion. Following 60 mm of nitrogen-ischemia and 18 hours of
reperfusion, no disturbance in the electrolyte composition of
the distal tubules in either of the two groups could be discerned.
Tissue morphology
The major features of the renal tissue which are visible in the
freeze-dried cryosections are illustrated by the scanning elec-
tron micrographs of the normal and postischemic kidneys in
Fig. 5. In normal kidneys the proximal tubules were character-
ized by the pronounced brush border, projecting freely into the
tubular lumen, and the distal and connecting tubule were
distinguished by the absence of surface microvilli.
After 20 mm of nitrogen-ischemia without reperfusion, the
proximal tubules were completely collapsed, although the distal
and connecting tubules were still patent. Upon reperfusion the
majority of the proximal tubules had reopened by 2 mm, and
after 60 mm all the tubules were wide open but the brush
borders had become irregular, indicating damage.
After 60 mm of nitrogen-ischemia without reflow, all the
proximal and many of the distal tubules were totally collapsed,
although a narrow lumen was still evident in a few cases. Upon
reperfusion, most of the proximal tubules had reopened by 2
mm, but many of the distal tubules remained collapsed. After 20
and 60 mm of reflow, virtually all the proximal and distal
segments were wide open, collapsed tubules occurring only
sporadically, and the brush borders had become patchy and
uneven. Following 18 hours of reperfusion, in those kidneys
showing no signs of electrolyte disturbances, most of the
proximal tubular lumina were wide open, with somewhat
shorter and sparser microvilli, only occasional tubules being
collapsed, but many of the distal tubules were not patent. In the
kidneys containing cells with disturbed composition, the proxi-
mal tubules contained detritus, and many of the cells appeared
necrotic, with low-density, irregular cytoplasm and loss of
brush border. The distal tubules contained compacted material
in the form of casts, but the cells appeared normal.
Renal function
Renal function was determined in reperfused kidneys before
shock-freezing between 25 and 55 mm after reintroducing blood
flow. The average values of 3H-inulin clearance, urine flow
rate, and urine-to-plasma inulin concentration ratio are summa-
rized in Table 2. The 3H-inulin clearance was significantly
depressed after all periods of ischemia, to 69% of control after
20 mm of ischemia, to 26% after 60 mm of nitrogen-ischemia
and to 6% after 60 mm of air-ischemia. Urine flow rate was not
consistently altered at this time after ischemia, but all kidneys
displayed a dramatic reduction in tubular reabsorption, as
indicated by the fall in the urine-to-plasma inulin concentration
ratio.
Following 18 hours of reperfusion, urine flow was insufficient
to permit measurement of 3H-inulin clearance in all but one
experiment and could only be determined from the increase in
weight of the ureteral catheter, a fixed time after insertion. In
the four kidneys showing no sign of electrolyte disturbances,
the rate of urine production was absolutely zero in one instance,
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Fig. 3. Values of intracellular sodium concentration in the proximal tubular cells given as a function of the depth of the cellfrom the surface for kid-
neys subjected to 60 mm ischemia in nitrogen without reperfusion, or after reintroducing blood flow for 2, 20, or 60 mm.
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FIg. 5. Morphologic features of the outer renal cortex under the various experimental conditions, as observed in the freeze-dried sections with the
transmission mode. The upper portion shows sections from a normal kidney and from kidneys made ischemic in nitrogen for 20 mm without
reperfusion and 2 or 60 mm after reestablishing blood flow. The lower portion shows sections from kidneys made ischemic in nitrogen for 60 mm
without reperfusion and 20 or 60 mm or 18 hours after reintroducing blood flow. In each section, the adherent albumin-Ringer's layer at the surface
of the kidney is visible at the top. In some sections, in addition to proximal tubules and capillaries, occasional distal tubules (d) are seen.
severely depressed at 0.016 and 0.019 xlmin100 g' of body
wt in two cases, and almost normal at 1.1 p.lmin.l00 g' of
body wt in one kidney, with an 3H-inulin clearance of 164
lmin' 100 g' of body wt. In the other two kidneys in which
cellular damage was apparent, the urine flow rate was reduced
to 0.028 and 0.006 .lmin 100 g1 of body wt.
Discussion
The present experiments have demonstrated that when isch-
emia is performed in an atmosphere of air, the superficial cells
of the renal cortex are virually unaffected and it is only the cells
more than 50 pm below the surface that show a disturbance in
their intracellular electrolyte composition. When, however, the
air in the immediate surroundings of the kidney is replaced with
nitrogen, the surface cells show the same perturbation in
electrolyte composition as the deeper cells do, indicating that it
is the availability of oxygen around the kidney that enables the
superficial cells to avoid the electrolyte disturbances normally
associated with ischemia. Thus, it appears that oxygen can
diffuse sufficiently well through the first 25 p.m of the tissue to
permit oxidative phosphorylation to continue and that the
energy reserves of the cell are adequate to cover basic metabol-
ic requirements for as long as 90 mm after interruption of blood
flow.
When ischemia was induced in an atmosphere of nitrogen, so
that uniform changes in cellular composition were obtained,
sodium and chlorine concentrations rose and the potassium
concentration and dry weight content fell, the changes being
more pronounced after 60 mm than they were after 20 mm of
ischemia. Although the intracellular electrolyte concentrations
have not been previously determined with microprobe analysis
in normal kidneys or in ischemic kidneys, there is an abundance
of information about the electrolyte content of fresh tissue and
renal cortical slices exposed to anoxia or hypothermia. Such
experiments confirm that when cellular metabolism is inhibited
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Table 2. Parameters of renal function measured in normal kidneys or in ischemic kidneys with 60 mm of reperfusion
cm v
U/PH,lmin'1OO g' of body wt
Normal kidneys (N = 4)
20-mm N2-ischemia (N = 4)
60-mm N2-ischemia (N = 4)
60-mm Air-ischemia (N = 4)
439 40
303 16"
116 51"
27 16"
0.6 0.2
2.8 1.2
3.3 2.1
1.0 0.3
865 225
200 65"
78
25 13"
a The data are presented as means SEM.b p < 0.05 or less, statistically significantly different from the control values in normal kidneys.
by oxygen deprivation or cooling, the potassium content of the
tissue falls, the sodium content rises, and the dry weight
content falls [13—18]. Problems arise, however, when attempt-
ing to make a quantitative comparison between these data and
those obtained in the present experiments, because tissue
analysis can only supply the average electrolyte concentration
of the whole tissue, including the extracellular space, whereas
the present values give the intracellular concentrations within
defined cell types. Because the bulk of the renal cortex is
comprised of proximal convolutions, the values obtained from
tissue analysis can be considered to reflect predominantly those
of the proximal tubular cells. The extracellular space in fresh
tissue can be assumed to approximate to 39%, on the basis of
planimatric analysis of tissue fixed so as to preserve the in vivo
distribution of the fluid compartments,' and that of incubated
tissue slices approximates to 26%, when determined by extra-
cellular marker substances.2 Using these estimates and assum-
ing appropriate extracellular ion concentrations, the intracellu-
lar concentrations listed in Table 3 were derived. The table
shows that the values obtained from fresh tissue deviate little
from those measured in the proximal tubular cells in the present
experiments, those for sodium being similar and those for
potassium being somewhat lower, and that the dry weights are
indistinguishable. Following anoxia or hypothermia for 30 to 60
mm, the calculated intracellular sodium concentration rises in
incubated cortical slices to between 100 and 120, that of
potassium falls to between 50 and 30 mmolekg' of wet wt, and
the dry weight content drops to between 17 and 21% of wet wt,
values that agree well with those determined in the proximal
tubule after 20 or 60 mm ischemia in nitrogen.
The rise in intracellular chloride, the fall in phosphorous
concentration, and the decrease in dry weight fraction of the
cell following ischaemia are best explained by an uptake of
extracellular fluid and a swelling of the ceJl [16]. From the
extent of these changes, it is possible, in theory, to calculate the
increase in cell volume. In practice, however, it proves hardly
'For fresh tissue, the extracellular space was determined planimetri-
cally as the sum of the luminal space, half the brush border, and the
noncellular portions of the interstitial and vascular spaces. This proce-
dure was applied to two electronmicrographs of perfusion-fixed tissue
[191, giving values of 37 and 42%; two of drip-fixed cortex cortices [20]
(courtesy of Dr. Langer), giving 44 and 42%; and two shock-frozen
outer cortical sections (own produce), giving 35 and 36%.
2For incubated cortical slices, the extracellular space is given by the
residual volume of incubation fluid remaining after blotting. This has
been determined in rats, rabbits, and guinea-pigs and has been repeat-
edly found to approximate to 26% under all experimental conditions
examined (see Ref. 21).
feasible to quantify the degree of cell swelling from these
parameters. The intracellular chloride concentration following
ischemia will not depend solely on the influx of extracellular
fluid; it will reflect also a decrease in membrane potential, due
to the fall in intracellular potassium, and a reduction in the
active transport of chloride, making this an unreliable parame-
ter for assessing the increase in cell volume. The fall in
intracellular phosphorous concentration also cannot be fully
attributed to the influx of extracellular fluid; the loss of some of
the inorganic phosphate released during ATP depletion and a
reduction in the active transport of phosphate may additionally
contribute to the decrease in phosphorous concentration. The
reduction in dry weight measured during ischei ia may similarly
not just reflect cell swelling; assuming there is no net loss of
mass, the decrease in background radiatior is likely to be
underestimated because the contribution of that small, but
constant amount that arises from the spe imen stage and
chamber [22] becomes proportionately less. L is not possible to
assess the magnitude of these errors with any certainty, but it is
evident that the fractional increase in cell volume will be
somewhat overestimated using the decrease in phosphorous
concentration and probably a little underestimated when con-
sidering the fall in dry weight. Thus, the real increase in cell
volume should lie somewhere between the values calculated
from the fall in dry weight and decrease in phosphorous
concentration, for the proximal tubular cells between 11 and
32% after 20 mm of nitrogen-ischemia and between 29 and 53%
after 60 mm of nitrogen-ischemia.
When the blood flow to the kidney is reestablished following
ischemia in an atmosphere of nitrogen, the alterations in the
intracellular composition and volume were found to reverse, so
that in the proximal tubular cells the concentration of elements
had mostly reached control values by 60 mm of reperfusion.3 A
rapid restoration of the tissue electrolyte composition has
already been noted in cortical slices when hypothermia is
reversed [15] or during anoxia [23]. That renal cortical cells do
recover from the perturbations of ischemia shortly after reintro-
ducing blood flow is further supported by electron microscopic
observations and biochemical findings. With reperfusion, there
is a progressive reversal of the morphologic changes resulting
from ischemia, which is complete within a few hours [24].
Within much shorter periods of reperfusion, the glucose and
glycogen contents of the cell are replete and the accumulated
3The cause of the increase in intracellular potassium concentration
noted after 60 mm of reperfusion, which persisted in the nondamaged
cells even after 18 hours of reperfusion, is not clear at the present time.
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Table 3. Tissue electrolyte concentrations, measured by the authors quoted, in fresh tissue or in incubated renal cortical slices exposed to
anoxia or hypothermia and the calculated intracellular concentrationsa
Measured tissue
concentration
Calculated cell
concentration
Drywt
% of
wet
Na KNa K
mmoles kg1 mmoles kg
Experimental condition of wet wt of wet wt wr Ref.
No incubation
Fresh tissue 57 77 3 123 23.2 [15]
Fresh tissue 63 76 12 122 22.3 [151
Fresh tissue 83 87 45 140 23.7 [16]
Fresh tissue 65 69 16 110 22.6 [131
Fresh tissue 79 66 39 105 23.1 [14]
Fresh tissue 56 85 1 136 22.0 [171
Fresh tissue 79 86 39 138 25.4 [181
Average 69 78 22 125 23.2
30 to 60 mm of incubation
Anoxia(N2) 114 28 145 36 17.3 [151
Anoxia(N2) 103 34 91 41 19.3 [131
Anoxia(N2) 111 33 102 41 20.9 [141
Hypothermia (0 to 4°C) 112 31 101 40 17.0 [15]
Hypothermia (0 to 4° C) 112 47 98 61 19.4 [16]
Hypothermia (0 to 4° C) 104 35 93 43 18.5 [13]
Hypothermia (0 to 4° C) 118 40 97 67 19.6 [181
Average 111 35 104 47 18.9
a The data have been recalculated to give the cellular concentrations, taking an extracellular volume of 39% and sodium and potassium
concentrations of 142 and 4.5 mmoles liter for fresh tissue, or an extracellular volume of 26% and the sodium and potassium concentrations in
the incubation medium for tissue slices. The average value for each group is given at the bottom of each column.
lactate has dissipated [4, 5, 25, 261, and the regeneration of ATP
has proceeded to completion, to approximately half of control
values [3—6, 8, 26]. These findings, which indicate an exception-
ally rapid restoration of cell function when anoxia is reversed,
may explain the failure to detect a decrease in oxygen consump-
tion in renal cortical slices or homogenates following ischemia
[10, 27—29] or anoxia [30], and the only modest depression in the
PAH uptake of cortical slices after ischemia [10, 27, 3 1—331.
If the kidneys are examined 18 hours following 60 mm of
ischemia in nitrogen, it is apparent that although not a single cell
retains its disturbed electrolyte composition after 60 mm of
reflow, alterations in intracellular concentrations are once again
evident in many of the cells. This finding, that cellular damage
first becomes manifest after prolonged periods of reperfusion, is
confirmed by histologic and biochemical observations. It is
known that in the outer cortex most cells survive 60 mm of
ischemia [34], but the cells that are irreversibly damaged first
become necrotic 12 to 24 hours after blood flow is restored [31,
35, 36]. Further, it has been observed that although PAH uptake
and oxygen consumption in kidney slices were normal or even
slightly enhanced immediately following 60 mm of ischemia,
both were reduced 24 hours after the ischemic insult [27]. Thus,
it is some factor other than the ischemic event itself that causes
the cells, despite their prompt initial recovery, to die subse-
quently.
Up until now, there has been no opportunity to examine the
intracellular electrolyte concentrations in the different cell
types within the kidney and to compare the response of the
individual cell populations to differing experimental maneuvers.
The present experiments have confirmed that the electrolyte
concentrations in the distal tubule differ from those of the
proximal tubule in normal kidneys [12] and have shown that the
distal tubular electrolyte concentrations differ from those of the
proximal tubule in each of the experimental conditions exam-
ined. The more distal portions of the nephron appear to
withstand ischemia better and do not undergo the secondary
changes that are evident in the proximal tubular cells after more
extensive periods of reperfusion. This is in accord with morpho-
logic observations, in which a paucity of tubular necroses in the
distal tubular cell population has been noted [24]. Although the
cause of the greater resistance of the distal nephron segments to
ischemia has not been established, several explanations can be
considered. One possibility is that because the glycogen stores
and the enzymatic apparatus for glycolysis are much better
represented in distal than proximal cells [37], the cells are better
equipped to survive without oxygen. A second possibility is
that the sodium uptake in the distal tubular cells is simply less
than that in the proximal ones. This could arise either because
the luminal membrane of the cell is less permeable to sodium
than that of the proximal tubule or because the sodium concen-
tration distally is lower than that proximally. Alternatively, it
may be that the amount of sodium available for uptake is less in
the distal than the proximal tubule because the tight nature of
the distal epithelium hinders the passage of extratubular sodium
from the intersitium to the luminal membrane.
Conclusion. When care is taken to assure anoxia, by replac-
ing the ambient air around the kidney with nitrogen, the
anticipated changes in the cellular element concentrations are
observed during ischemia. There is a gain of sodium and a loss
of potassium, resulting from the inhibition of the sodium!
potassium pump, and also an influx of extracellular fluid,
leading to the addition of chloride, a dilution of the mainly
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structurally bound phosphorous, and a fall in the dry weight
content of the cell. The extent of these alterations depends both
on the duration of the ischemia and on the type of cell. The
disturbance is fully reversible within 60 mm of reintroducing
blood flow, but the recovery is short-lived, cellular damage
reappearing by 18 hours of reperfusion. Thus, 60 mm after
reestablishing blood flow to the kidney, the intracellular elec-
trolytes of the outer cortex give no information as to the
ultimate fate of the cells and give no clue as to the cause of the
persisting functional impairment of the whole kidney. Examina-
tion of the superficial nephrons with micropuncture techniques
more than 60 mm following 45 mm of ischemia has shown
filtration rate and tubular reabsorption to be almost normal [38],
suggesting that it must be the deeper-lying nephrons that are
predominantly responsible for the functional defects of the
kidney after ischemia. This is supported by the observation that
the tubular passage of a bolus of ferrocyanide along the neph-
ron, although almost identical in all types of nephrons in normal
kidneys, is severely reduced in the juxtamedullary nephrons
after ischemia, but nearly normal in the surface nephrons [38,
39], Whether or not these nephrons in the center of the kidney
sustain a disturbance in their intracellular element composition,
which parallels their filtration and reabsorptive deficiencies,
will be determined only when methods become available to
circumvent the freezing artefacts that, at the present time,
prohibit the analysis of the deeper-lying structures.
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